This paper reports on the topological effects of three-dimensional (3D) porous graphene with tunable pore sizes and a preserved 2D graphene system of Dirac quasiparticles on its electrical properties. This 3D architecture is characterized by the intrinsic curvature of smoothly interconnected graphene sheets without edges, the structures and properties of which can be controlled with its pore sizes. The impact of pore size on the electrical transport properties was investigated through magnetoresistance measurements. We observed that 3D graphene with small pores exhibits transitioning to weak localization with decreasing temperature. The comparison with the theory based on the quantum correction clarified that an increase in the intrinsic curvature significantly induces the intervalley scattering event, which breaks the chirality. This increase in the intervalley scattering rate originates from the unique topological effects of 3D graphene, i.e., the topological defects required to form the high curvature and the resulting chirality mixing. We also discuss the scattering processes due to microscopic chemical bonding states as found by high spatial-resolved X-ray photoemission spectral imaging, to support the validity of our finding.
I. INTRODUCTION
Graphene, with a two-dimensional (2D) hexagonalcarbon lattice, has unique electrical properties characterized by Dirac quasiparticles with a chiral nature, and thus provides many intriguing applications in the field of physics [1] [2] [3] . An interesting property is the insensitivity of the chirality to long-range scattering potential on a length scale larger than the carbon-lattice spacing, providing strong independence of the valley state [2] . In addition, as graphene is resistant to perpendicular strain, its structure can spread to the three-dimensional (3D) space with the introduction of a negative Gaussian curvature [6] [7] [8] [9] [10] . This 3D curved graphene is a very interesting system, wherein Dirac quasiparticles captured in the 2D curved space behave under 3D topology. The first prediction of this system was theoretically proposed in [6] , and was referred to as 3D graphene. One of the remarkable features of 3D graphene is the presence of intrinsic curva- * okamoto.t.ap@m.titech.ac.jp † kawano@pe.titech.ac.jp; permanent address: Laboratory for Future Interdisciplinary Research of Science and Technology, Tokyo Institute of Technology, 2-12-1, Ookayama, Meguro-ku, Tokyo 152-8552, Japan ture over large length scales to maintain the spatial shape of the graphene sheet in the 3D space, while preserving the chirality of the Dirac quasiparticles. Another important aspect is the appearance of non-hexagonal carbon rings (i.e., topological defects), such as heptagonal ring and pentagonheptagon pair (dislocation), which are inherently included in the hexagonal lattice to allow stable deviation from 2D planarity according to Euler s theorem [7] [8] [9] [10] [11] . As high amounts of such topological defects are required to form a highly curved sheet, the macroscopic topology can be engineered through the proper atomic design of the intrinsic curvature. Interestingly, it is known that even though the range of its characteristic defect potential is larger than the lattice spacing, topological defects significantly impact the chirality of Dirac quasiparticles through a topological effect [2] . These aforementioned features are expected to provide rich curvature-dependent physical properties, which are important for the manifestation of topological effects on 3D graphene. Owing to the strong potential of this emerging material, this system has been primarily studied theoretically [7] [8] [9] .
As quantum interference, such as weak localization (WL), strongly depends on a phase of electronic wavefunction, it can be employed as a useful probing technique to derive clear information on the electronic states arXiv:2002.00795v2 [cond-mat.mtrl-sci] 18 Feb 2020 and scattering processes [12] . For conventional 2D systems, only inelastic scattering processes are known to be relevant to WL [12] , whereas both inelastic and elastic scattering processes are responsible for the chirality in graphene [13, 14] . Because the electronic structures of 3D graphene can be controlled by engineering the intrinsic curvature, its unique electrical properties, such as scattering type and rate, should be experimentally explored using WL measurements.
In this paper, we experimentally present the intrinsiccurvature effects on the electrical properties of 3D graphene through WL measurements. As a 3D graphene system, we utilized high-quality 3D porous graphene [15] , which has an open porous structure characterizing its intrinsic curvature based on a smoothly interconnected graphene network. We observed that an increase in the intrinsic curvature induces transitioning to a localized electrical system through geometric comparison. Our study demonstrates that the design of a 3D topology enables the control of the properties of Dirac quasiparticles.
II. RESULT AND DISCUSSION

A. Material characterizations
The 3D porous graphene samples were synthesized on a porous Ni template by using a chemical vapor deposition (CVD) method, in which the intrinsic curvature of the porous structure was tuned by controlling the CVD conditions [15] . After dissolving the Ni template and coon the pore size; the peak intensity of the small-pore-sized sample is 10 times greater than that of the large-poresized sample (Table SI) . This strong pore dependence suggests the existence of topological defects of the geometrically dependent 3D architecture [15, [17] [18] [19] . The detailed analysis of the topological defects, including the pore-size dependence of their amount, is shown in Fig.  4 , which presents the chemical origin.
B. Electrical transport measurements
The electrical transport properties of the 3D porous graphene were then studied using a standard four-probe method to avoid the influence of contact resistance. Figure 2 (a) plots the normalized longitudinal MR of
for the two samples under an external magnetic field range of |B| ≤ 1.5 T at temperature T = 3.8 K.
As the observed MR shows asymmetric behaviors for the polarity of B (Fig. S2 
The large-pore-sized sample was observed to exhibit positive MR (∆R xx > 0), whereas the small-pore-sized sample showed negative MR (∆R xx < 0). These results indicate that the intrinsic curvature, which is determined by the pore size, strongly affects the electrical transport properties of the 3D porous graphene. We further measured the temperature (T ) dependence of the MR and plotted the normalized MR as a function of B and T in Figs. 2(b) and (c). The large-pore-sized sample exhibits almost no T dependence, indicating that quantum correction on the MR is irrelevant and classical transport is dominant over all the measured T ranges. Indeed, our data are in good agreement with the classical transport model of cyclotron motion [26] , shown in Fig. S3 . In contrast, the small-pore-sized sample showed strong T dependence, indicating that the negative MR arises from WL induced by the quantum correction on the electronic phase. This quantum correction gradually disappears with an increase in the temperature of up to a few tens of kelvins; this is a typical behavior of WL in graphene [20] [21] [22] [23] .
Next, we discuss the WL observed for the small-poresized sample. The WL is based on the quantum interference of electron waves. Figure 3 (a) illustrates the trajectories of the electrons scattered by potential, leading to the WL correction on the resistance. As the two electrons follow the same pathway, the phase of their electron waves is identical to that in conventional 2D systems, such as silicon metal-oxide-semiconductor field-effect transistors and gallium arsenide high-electronmobility transistors; accordingly, they positively interfere with each other. As this interference is broken by applying a magnetic field, the effect of the WL correction manifests itself as the occurrence of negative MR in the low magnetic field [12] . For the graphene system, the above-mentioned process differs somewhat from that of a conventional 2D system owing to an additional internal degree of freedom [13] , known as valley index (K and K' points) and pseudospin [ Fig. 3(b) ]. This directly implies that the WL correction on the graphene system depends not only on the inelastic scattering rate (τ −1 ϕ ) but also on the elastic scattering rate related to the valley index and pseudospin, which consist of inter-and intra-valley scattering rates (τ −1 i , τ −1 * ), respectively. These scattering processes are represented by the solid and dotted arrows in Fig. 3(b) . Based on the above-mentioned discussion, the resistivity correction, ∆ρ xx (B), can be expressed as [13] ∆ρ xx (B) = − e 2 ρ 2
where F (x) = ln x + Ψ(0.5 + x −1 ) and τ −1 B,ϕ,i, * = 4eDB ϕ,i, * / , Ψ(x) is the digamma function, e is the elementary charge, D is the diffusion constant, and is the reduced Planck s constant. Equation (1) simply indicates that a large τ −1 i value leads to negative MR (WL) but is oppositely compensated by an increase in τ −1 * or in τ −1 ϕ . The application of this equation as the fitting curve to the experimental data enables the derivation of these scattering rates.
We fitted the MR data using Eq. (1) for the smallpore-sized sample in the magnetic-field range of |B| ≤ 1.5 T, where the WL prevails. As it is difficult to accurately determine the channel length, width, and thickness of the porous graphene, we introduced a dimensionless fitting parameter, α ∼ 31.2, as ρ xx = αR xx . The experimental results agree well with the fitted curves [black solid lines in Fig. 3(b) ], deriving the characteristic scattering rates responsible for the WL: τ −1 i /τ −1 ϕ and τ −1 * /τ −1 ϕ . These ratios are plotted as a function of temperature T in Fig. 3(d) . For the low temperature region, τ −1 i and τ −1 * contribute significantly to the scattering processes; this reveals that despite a large τ −1 * value, the WL occurs because of the significant inter-valley scattering, i.e., τ −1 i ∼ τ −1 ϕ . First, the most important and interesting result is the significant inter-valley scattering rate. In general, this scattering process requires large changes in momentum, as depicted in Fig. 3(b) , and hence is induced by strong short-range potentials shorter than the lattice space, such as edge, tight coupling with the substrate, and point defects [12, 13, [21] [22] [23] . However, as the 3D porous graphene is a free-standing structure with a vast surface area, the contributions of the substrate and edge are negligible, as depicted in Figs. 1(a) , (b), and (d). In addition, the amounts of point defects are trivial because the high temperature (800 -900 • C) of the CVD process reconstructs such defects as dislocations. Therefore, the short-range potential is not a dominant mechanism affecting intervalley scattering events. By considering that the intervalley scattering promotes chirality mixing, as shown in Fig. 3(b) , another chirality-mixing mechanism should be included. Geometric comparisons of the D-band in the Raman spectra and MR behaviors show that the topological defects are anticipated to be a critical factor. The chirality mixing caused by the topological defects has been reported for other graphene systems as a topological effect, e.g., fullerene [27] and graphene cones [17, 18, 24] . When electrons traverse a path that encloses topological defects, both pseudospin and valley index are interchanged [2, 17, 18, 24] . Based on these physical findings, we interpret that low-temperature transport properties of our 3D porous network graphene are characterized by the chirality mixing, indicated by the double-line arrow in Fig. 3(b) and represented by the sum of the intervalley and intra-valley scattering, because of the absence of large momentum changes. Another important point is that this topological effect does not originate from shortrange potential associated with large momentum conversion, but from pure topological effects induced by the presence of the topological defects, which is a characteristic of the 3D graphene with a deviation from flat 2D geometry. These results offer an interesting possibility that the electrical properties of 3D graphene, especially chirality, can be manipulated by designing and engineering the graphenes intrinsic curvature.
Second, the intra-valley scattering was observed to be predominant for the small-pore-sized sample at low temperatures, as depicted in Fig. 3(d) . As the abovementioned topological effect is approximately equivalent to τ −1 i + τ −1 * , there should exist several other possible intra-valley scattering events [24] . This scattering process with small changes in momentum originates from long-range potential, such as ripple, line defects (e.g., dislocation and grain boundary), distortions induced by topological defects, and electrostatic potentials induced by charged impurities [2, 12, 13, 21, 24] . Although the precise determination of the origin of the scattering process is difficult, the long-range distortion is one of the possible mechanisms due to the characteristic intrinsic curvature of the 3D graphene. To experimentally confirm this speculation, we attempted to obtain information on the distortion through chemical-state-selective observations using scanning photoelectron microscopy, which can obtain the spatial distribution of the XPS information [28] . In the case of 3D graphene, the sp 2 bonding character diminishes and the sp 3 bonding character increases (sp 2 /sp 3 hybridization) in the curved region of the 3D architecture [25] [26] [27] . By using this high-spatialresolution XPS, we performed microscopic studies on the contribution of intrinsic curvature to the electrical properties, instead of using the average information acquired from the previous electrical transport measurements.
C. Nanoscale X-ray photoemission spectroscopy.
Figures 4(a) and (b) map out the distribution image of C 1s intensity for the large-and small-pore-sized samples corresponding to each topography. These C 1s spectra can be divided into two components through fitting analysis (Fig. S4) : dominant intensity sp 2 [29] and smaller intensity sp 3 [30] . The spatial distribution of the bonding-character ratio, sp 3 /sp 2 , is illustrated in Figs. 4(c) and (d). The small-pore-sized sample is clearly sp 3richer than the large-pore-sized sample. This finding also demonstrates that 3D topology modifies the electrical properties through the chemical nature. For the large-pore-sized sample, the chemical bonding nature is locally modified to be sp 3 -rich in the high-curvature regions around the pores, as clearly depicted in the overlay image in Fig. S5 . However, for the small-pore-sized sample, the chemical bonding nature does not correlate with the pores, i.e., it is strongly modified to be sp 3 -rich in the entire observed region (Fig. S5 ). This result indicates that the distortion formed by topological defects may be spread throughout the sample. Such a distortion with topological defects induces intra-and inter-valley scat- tering events, as mentioned in the above-mentioned MR analysis. These findings are consistent with the electrical transport properties and suggest that the distortion is one of the main mechanisms of the intra-valley scattering process [3, 13, 21, 22] .
III. CONCLUSION
In summary, we investigated the 3D topological effects of the intrinsic curvature of 3D graphene networks with a tunable porous structure on its electrical properties. The MR measurements demonstrated that the induction of the high curvature transformed the 3D porous graphene states from classical to WL states. The geometrical comparison revealed that this occurrence is due to topological effects originating from topological defects inherently required for the formation of 3D architecture with deviation from the flat 2D geometry. The additional XPS measurements confirmed that the higher curvature modifies the sp 3 -rich bonding nature, thus demonstrating the existence of distortion and topological defects due to the 3D architecture with deviation from the flat 2D geometry. This work opens up new possibilities in the area of topological physics of 3D structures composed of the family of the other 2D materials.
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